Recent changes in structure and functioning of the interior Black Sea ecosystem are studied by a series of simulations using a one-dimensional, vertically resolved, coupled physical-biochemical model. The simulations are intended to provide a better understanding of how the pelagic food web structure responds to increasing grazing pressure by gelatinous carnivores (medusae Ju•elia au•ita and ctenophore Mneraiopsis leid!/i) during the past 2 decades. The model is first shown to represent typical eutrophic ecosystem conditions of the late 1970s and early 1980s. This simulation reproduces reasonably well the observed planktonic food web structure at a particular location of the Black Sea for which a year-long data set is available from 1978. Additional simulations are performed to explore the role of the Mneraiopsis-dominated ecosystem in the late 1980s. They are also validated by extended observations from specific years. The results indicate that the population outbreaks of the gelatinous species, either Ju•elia or ll/Inemiopsis, reduce mesozooplankton grazing and lead to increased phytoplankton blooms as observed throughout the 1980s and 1990s in the Black Sea. The peaks of phytoplankton, mesozooplankton, Noctiluca, and gelatinous predator biomass distributions march sequentially as a result of prey-predator interactions. The late winter diatom bloom and a subsequent increase in mesozooplankton stocks are robust features common to all simulations. The autotrophs and heterotrophs, however, have different responses during the rest of the year, depending on the nature of grazing pressure exerted by the gelatinous predators. In the presence of Mnemiopsis, phytoplankton have additional distinct and pronounced bloom episodes during the spring and summer seasons. These events appear with a 2 month time shift in the ecosystem prior to introduction of Mneraiopsi& strength of bottom-up (resource availability) versus topdown (predator) controls on ecosystem structure and dynamics is still a hotly debated topic in ecology [Carpenter et al., 1985]. The existence of trophic cascades has been largely confined to freshwater aquatic communities [Strong, 1992], with fewer examples from marine and terrestrial systems (although HSS based their arguments on terrestrial communities). Micheli [1999] suggested that cascades were attenuated in marine systems by incomplete coupling among trophic levels. The exceptions to the absence of tro•)hic cascades in the marine environment seem to involve gelatinous predators [Verity and Smetacek, 1996]. Introduction of the ctenophore Mnemiopsis leidyi into the Black Sea in ballast water from the east coast of North America in the The Black Sea, with one of the largest enclosed catchment basins in the world, receives extraordinarily high nutrient loading and contaminants from rivers draining half of Europe and parts of Asia [Mee, 1992]. Its past 2 decades are identified as a nonequilibrium ecosystem, in transition to its present low-biodiversity eutrophic state. The new ecosystem is characterized by profound differences in the variability, size, and taxonomic structure of the phytoplankton community, with population outbreaks of the opportunistic species Noctiluca scintillans and the gelatinous predators A urelia aurita, and Mnemiopsis leidyi, hereinafter referred to by genus. Before the 1970s, diatoms were the dominant phytoplankton group with their maximum stocks in the late winter to early spring [Mikaelyan, 1997]. After the 1970s, summer blooms of dinoflagellates became a major signature of the ecosystem [Mikaelyan, 1997; Moncheva and Krastev, 1997]. The zooplankton community was characterized by major increases in the Aurelia and Pleurobrachia pileus (another gelatinous predator) populations during the late 1970s and the early 1980s and in the Mnemiopsis population toward the end of the 1980s [Shushkina et al., 1998; Kovalev et al., 1998; Shi9anova et al., 1998; Kideys et al., 2000]. Order of magnitude increases in abundance of the jellyfish A urelia and the omnivorous dinoflagellate Noctiluca during the late 1970s were, in fact, the first alarming signal of the profound ecosystem changes occurring in the Black Sea. The sudden increase in the Mnemiopsis population caused further reduction in the biomass of the mesozooplankton community as well as in fish eggs and larvae during the late 1980s [Shushkina et al., 1998]. These effects, together with overfishing, ultimately caused a collapse of commercial fish stocks (anchovy, sprat, and horse mackerel) during the early 1990s [Rass, 1992]. As compared with the other groups, little information is available on potential changes in the microbial community. Details on Black Sea ecosystem characteristics are documented by Zaitsev and Mamacy [1997], Ozsoy and Mikaelyan [1997] and Iranov and 09uz [1998a, 1986b]. 1.2. Feeding, Life History, Interannual and Seasonal Variations in Aurelia and Mnemiopsis Stocks The predominant gelatinous species in the Black Sea since the 1970s, the jellyfish Aurelia and the ctenophore Mnemiopsis, have been shown to be important predators of zooplankton and ichthyoplankton [Zaitsev and Mamaev, 1997]. Similarly, Aurelia in the Kiel Bight, Germany, when abundant, was shown to reduce zooplankton standing stocks and to alter plankton species composition [Schneider and Behrends, 1989; Behrends and Schneider, 1995]. High abundance of Aurelia was correlated with low numbers of herring larvae there [Moller, 1984]. Low mesozooplankton densities frequently have been found during periods of high Mnemiopsis densities [Purcell, 1988; Shi9anova, 1998], and they are voracious consumers of zooplankton [e.g., Kreraer, 1976b; Purcell et al., 1994b]. Mnemiopsis also consumed ichthyoplankton, especially fish eggs, removing as much as 39% during the 20 hour egg stage in Chesapeake Bay [Purcell et al., 1994a]. The potential effects of medusae and ctenophores on zooplanktivorous fish populations, such as anchovies, would be due to both direct predation on the young stages and potential competition for food with all life stages. A urelia and Mnemiopsis have markedly different life histories that greatly affect their population dynamics. Production of A urelia medusae is highly seasonal. Aurelia has a perennial benthic polyp stage that buds small (1-2 mm) medusae, which begin rapid growth when food is abundant in the spring [e.g., Hamnet and Jenssen, 1974; Moller, 1980; Lucas and Williams, 1994; Schneider and Behrends, 1989]. Large populations of the sexually reproducing dioecious medusae are usually reached and maintained in summer. Fertilized eggs of Aurelia are brooded on the females, and when released, the larvae settle on hard substrates to become polyps. Medusae abundance and biomass decrease rapidly in late summer or fall. The causes of this seasonal mass mortality among medusae are poorly documented but may include predation [Purcell, 1991; Mills, 1993], destruction by hyperiid amphipods and senescence [Mills, 1993], low food abundance, and possible sensitivity to colder temperatures. The next generation of medusae arises from the annual budding of the polyps. By contrast, Mnemiopsis ctenophores are holoplanktonic and hermaphroditic. Egg production, and resulting population size, is dependent upon the amount of planktonic foods available [Reeve et al., 1992]. Development is direct. Predation by scyphomedusae can limit Mnemiopsis populations during the summer in Chesapeake Bay [Purcell and Cowan, 1995]. Populations in environments with cold winters decrease in the fall [Kremer, 1994] partly because of predation by Beroe ctenophores [Kremer, 1976b], destruction by parasitic anemone larvae [Bumann and Puls, 1996], low food abundance, and possible sensitivity to cold and turbulent conditions. Mnemiopsis populations are seeded from survivors when conditions improve. Where winters are mild, Mnemiopsis can be present all year (reviewed by Kremer [1994]). Our knowledge of the interannual and seasonal biomass variations of A urelia and Mnemiopsis in the Black Sea comes from a set of data based on field work performed during the past 20 years by the Shirshov Institute of Oceanology, Moscow, the Institute of Biology of Southern Seas, Sevastopol, and the Institite of Marine Sciences, Erdemli [$hushkina and Musayeva, 1983, ,1990; Lebedeva and $hushkina, 1991, 1994; Vinogradov OGUZ ET AL.' MODELING TOP-DOWN CONTROL IN THE BLACK SEA FOOD WEB 4545 OGUZ ET AL.' MODELING TOP-DOWN CONTROL IN THE BLACK SEA FOOD WEB was followed by a decreasing trend in biomass in June-July and, later, by a second peak of about 3.0 gC m -2 during August-September. The next set of measurements, performed during late winter to early spring 1990, also recorded a strong Mnemiopsis peak of the order of 3.0 gC m -2 whereas the Aurelia biomass remained only around 0.5 gC m -2. Mnemiopsis biomass again decreased in the late spring to summer period. Mnemiopsis populations along the eastern coast of the United States show from one summertime peak in the north to multiple peaks in the south (reviewed by Kreraer [1994] and Purcell et al. [1994b]).
Introduction
In a celebrated paper, Hairston et al. [1960] (hereinafter referred to as HSS) predicted that effects of top predators could cascade across nmltiple trophic levels and on down the food chain to regulate producer populations at the base of the trophic pyramid. The relative weight, which we converted to carbon weight using factors of 0.002 for A urelia and 0.001 for Mnemiopsis. These conversions are similar to those measured earlier for Aurelia (e.g., 0.003 by $hushkina and Vinogradov [1991] , and 0.0016 by Larson [1986] ) and for Mnemiopsis (e.g., 0.0006 by Kremer [1976a] , 0.0007 by Shushk-ina and Vinogradov [1991] , and 0.0005 by Nemazie et al. [1993] ).
The daCa presenCed in Table 1 involving The period after 1991 represents a third stage in the ecosystem transformation in which Mnemiopsis and A urelia tended to have almost equal stocks in the Black Sea food web. According to the composite data given in Table 1 for the period of 1991-1997 [see also ], they seemed to attain a new equilibrium state in which neither dominated the food web. They both had comparable peak biomass values of about 1.0-1.5 gC m -2. Thus the 1989-1991 period may represent a transition state following Mneraiopsis invasion in the late 1980s.
Existing Modeling Studies
There have been some attempts to model pelagic food web structure in the Black Sea using externally specified yearly cycles of the mixed layer depth and temperature from the available climatological data [Lebedeva and $hushkinq, 1994 The structure and functioning of the plankton community, coupled with biogeochemical processes taking place within the deeper parts of the upper layer water column of the interior Black Sea are studied by means of vertically resolved coupled physical-biological models [Oguz et al., 1996 [Oguz et al., , 1998a [Oguz et al., , 1999 [Oguz et al., , 2000 ]. An overview of some of these efforts and important findings are presented by Oguz et al. [1998b] . A simplified five compartment version with single groups of phytoplankton and zooplankton, plus detritus, ammonium, and hi-trate, was developed by Oguz et al. [1996] . It was also used by $taneva et al. [1998] for studying the response to different meteorological conditions on the upper layer physical-biological structures. A slightly more complex form of the model with two classes of phytoplankton (diatoms and flagellates) and two zooplankton size groups (microzooplankton and mesozooplankton) was introduced later by Oguz et al. [1999] . These efforts concentrated mainly on simulation of annual primary production characteristics rather than focusing on food web dynamics. Oguz et al. [1998a] 
Aim and Scope of the Present Work
In the present work we use a slightly modified version of the process model described by Oguz et al. [1998a] to explore the nature of the trophic interactions between the components of the ecosystem at two different stages during the past 2 decades. A series of numerical simulation experiments was designed to study the response of different grazing pressures exerted by gelatinous carnivores on the overall annual plankton structure within interior Black Sea waters. Our particular objective is to complement our limited observational knowledge with the model findings and then reach a quantitative understanding of the functioning of the Black Sea ecosystem in terms of interactions among different groups of the food web. In section 2 we describe model formulation involving governing equations on predator-prey dynamics among phytoplankton and zooplankton, as well as the boundary, initial conditions, and numerical procedure. We then show how the procedure can successfully reproduce the annual cycle of plankton structure obtained by biweekly observations at a particular station off the Caucasian coast during 1978 (section 3). This experiment defines the eutrophied ecosystem conditions prior to the introduction of Mneraiopsis. In section 4 we provide additional simulations for representing the state of the ecosystem after the introduction of Mnemiopsis. In section 5, we give a summary of results and conclusions. Further details on formulation of other water column processes and biogeochemical cycling, not included in section 2, are given in the Appendix A.
Model Formulation

Description of Model Structure
The pelagic planktonic food web combined with particulate matter decomposition and nitrogen cycling in ]. Noctiluca is a nonspecific consumer feeding on phytoplankton, bacteria, and microzooplankton, as well as particulate organic matter, and is consumed by mesozooplankton. The trophic structure further includes bacterioplankton B, labile pelagic detritus D, and dissolved organic nitrogen DON. Nitrogen cycling is resolved into its three inorganic forms; nitrate NO3, nitrite NO2, and ammonium NH4. Nitrogen is considered as the only limiting nutrient for phytoplankton growth. Silicate seems not to be the limiting nutrient for diatom growth within the interior Black Sea [Tugrul et al., 1992] and therefore is not taken into account in the model.
As the model is an extension of the previous model
given by Oguz et al. [1998a] , we retain the dissolved oxygen O2 as an additional state variable here. The oxygen is coupled with the water column biochemistry through oxygen-dependent formulations of nitrification, denitrification, and remineralization. However, the model assumes no direct effect of oxygen on the zooplankton community. Oxygen is not a crucially important aspect of the present study.
Governing Equations
As by Oguz ½t al. [1996 Oguz ½t al. [ , 1998a Oguz ½t al. [ , 1999 Oguz ½t al. [ , 2000 and will be presented here only briefly. Surface temperatures are the coldest (about 6øC) within the mixed layer of 50-75 m during January-February. By the onset of spring warming, mixed layer temperature increases gradually up to 25øC in July-August. The mixed layer is typically <20 m in this period. It is separated from colder subsurface water, which is the remnant of convectively formed cold water in the previous winter, by a very sharp seasonal thermocline during the warming cycle of the upper layer temperature structure.
Since the main focus of this paper is on predatorprey dynamics among phytoplankton and zooplankton, we first describe here the source-sink terms for the phytoplankton and zooplankton groups. given in Table 2 and Table 3 .
Changes in the zooplankton biomass are controlled by ingestion, predation, mortality, and excretion. Ingestion is represented in (4)-(8) by the terms inside the square brackets multiplied with 7is defining the assimilation efficiencies for grazing. The subsequent four terms inside the square brackets in (4) represent removal via predation by other groups. Similar predation terms also follow the ingestion terms in (5)and (6). The last two terms of (4)-(8) define excretion and physiological mortalities, respectively. We note that the phytoplankton mortalities are expressed in the quadratic form for stability reasons.
The grazing terms Gi(Zj)s, given in (2)-(8) for all the zooplankton groups except the gelatinous carnivores, are expressed by the Michaelis-Menten relation
where ri represents the maximum grazing rate of the ith consumer, and aj is food capture efficiency (i.e., food preference) of the ith consumer for the jth food item with biomass Fj. The efficiency parameters vary between 0 and 1, with higher values signifying greater preference. Accordingly, the maximum grazing rate ri is controlled by the temperature, half-saturation constant 
Ri, and food capture efficiencies. The values of food capture efficiency parameters for each prey-predator couple are given in Table 4 . The temperature limitation function fi(T)is expressed by (9).
As stated in section 2.1, the focus of this paper is not to explore the life history characteristics of the gelatinous zooplankton by implementing a population dynamics model, like the one provided by Volovik et al.
[1995] for the Azov Sea. We intend here to study how the annual distributions of phytoplankton and mesozooplankton distributions are altered by top-down control imposed by these gelatinous carnivores. The simplest approach is to formulate their grazing pressures diagnostically using their observed annual biomass distributions and a functional relationship, which designates the predation impact of this biomass on the phytoplankton and zooplankton [e.g., Kremer and Nizon, 1978] . In this case the model does not require explicitly (7) Table 1 ). Therefore (7) and (8) are used to predict their biomass prognostically within the water column.
The Michaelis-Menten-type representation of grazing is not appropriate for A urelia and Mnemiopsis. Experimental data [e.g., Reeve et al., 1992; Kremer, 1977; Finenko et al., 1995] showed that they do not satiate at reasonable concentrations of prey and that they continue to destroy prey even when they are not digested.
Kremer [1976a] represented ingestion by ctenophores in terms of clearance rate (depending on size of ctenophores and temperatures) and linearly varying prey biomass.
In the present model we thus express grazing of the gelatinous carnivores by [see Eeckhout and Lancelot, 1997] Gi(Fj) = ri(t)ajFj,
where the subscript i denotes either a for A urelia or m for Mnemiopsis and Fj represents the biomass of the jth prey. The time dependent forms of ri(t) parameterize clearance rates, which were not modeled explicitly and are prescribed externally in such a way that the annual biomass distributions of ctenophores are predicted consistent with available data. This approach is similar to the one given by Fasham et al. [1999] , where the bacterial and primary production were prescribed as given forcing inputs in order to quantify various pathways of carbon flow within the euphotic zone. We note that Fasham et al. [1999] used the hybrid approach to close the ecosystem at the lowest level, whereas in our case it is used for closure at the highest trophic level. The choices for most of the parameters concerning the phytoplankton, microzooplankton, and mesozooplankton compartments were discussed by Oguz et al. [1996 Oguz et al. [ , 1998a Oguz et al. [ , 1999 . The coefficients of food preferences (Table  4) [1 .2----, ---, , x. .. • ..... • ..... • ..... • '• ' ' • ..... • ..... • ..... • ",",' • ', .... • " ' • ',•, . .... 
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Simulation of Gelendzhik 1978 Ecosystem
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biomass (Figure 3b Figure 3b indicates that the peaks of phytoplankton, Noctiluca, A urelia, and omnivorous zooplankton biomass march sequentially during the year as a resuit of their prey-predator interactions. After the early spring diatom bloom, the omnivorous mesozooplankton biomass starts increasing as they assimilate diatoms. Their biomass tends to decline in April, which coincides with the beginning of the period of A urelia growth. At the same time, as the grazing pressure from mesozooplankton is relaxed gradually, the phytoplankton community attains two successive peaks during mid-May and June, respectively. The phytoplankton biomass then exhibits a decreasing trend during July, as they are consumed by Noctiluca. July therefore coincides with the annual production maximum for Noctiluca. The summer omnivorous mesozooplankton growth occurs right after the decline of the Aurelia population, as well as the decline of the phytoplankton bloom toward the end of June. Mesozooplankton biomass decreases in September during the second period of Aurelia growth. This period also coincides with an increase in phytoplankton stocks.
The annual biomass cycles of phytoplankton and mesozooplankton simulated above for the Gelendzhik 1978 ecosystem arise because of the specific form of grazing pressure exerted by the A urelia community. In other words these annual patterns depend crucially on the particular structure of A urelia biomass variations within the year. We found that it was necessary to have the summer biomass decrease of A urelia between its spring and autumn peaks (Figure 3a) . Otherwise, it was not possible to simulate plankton distributions consistent with the observations. For example, Figure   7 shows the results from a simulation in which we use a slightly different choice for the A urelia grazing rate specification ra(t)in (11). Instead of its minimum during July-August, it sets the A urelia biomass to have a more gradual decrease during summer. The new form of top-down grazing pressure introduced by this relatively higher summer A urelia biomass gives rise to completely different phytoplankton, mesozooplankton, and Noctiluca biomass structures over the year (Figure 7) , which is inconsistent with the observations. Figure 10a indicates a gradual increase of production term at the end of December, which also represents a period of very low total loss rate in the system (Figure 10b) . The net production rate (Figure 10c) , which balances the time rate of change of diatom biomass, then gives rise to an increase in the biomass at the beginning of January. It is followed by exponential growth later in the month with increasing values of the net production rate. [Vedernikov and Demidov, 1993] . The data further indicate enhanced mesozooplankton stocks during March following the phytoplankton bloom, though the highest biomass values given in the data were somewhat lower than those shown in our simulations in Figure 8 .
The seasonal variations of phytoplankton after the introduction of Mnemiopsis into the system are supported by a surface chlorophyll data set formed by combining the Turkish, Russian, Ukrainian, Bulgarian, and Romanian measurements for the period of 1990-1995 [Yilmaz et al., 1998 ]. The main finding from this data set was the recognition of chlorophyll peaks in winter (January-February) and in spring to early summer (May-June) (Figure 13) . Even though monthly averaging should cause underestimation of peak concentrations, the data set is still able to indicate clearly the peaks simulated by the model.
Summary and Conclusions
In the Black Sea more frequent and pronounced phytoplankton blooms and sharp population increases in the gelatinous organisms (Aurelia and Mncmiopsis) and opportunistic species Noctiluca at the expense of mesozooplankton stocks were major consequences of severe eutrophication together with the introduction of Mnemiopsis and overfishing. Existing studies inferred these cause and effect relations from descriptive treatments of available data. However, because of limitations in the database (due to scarcity and insufficiency of measurements), these early analyses were inconclusive in providing a systematic explanation of the functioning of the pelagic food web during the past 2 decades. The major goal for the present work was to explore the nature of trophic interactions and then to establish quantitatively the links between components of the ecosystem at The other interesting feature is that the generation of Noctiluca peaks 2 months earlier, as compared with the pre-Mnemiopsis period, is supported by the observations. These temporal shifts are related to similar shifts in the phytoplankton blooms.
Appendix A' Formulation of Bacterioplankton and Nitrogen Cycling
Modeling the temporal and vertical distributions of bacterioplankton is a challenging aspect of Black Sea biogeochemistry since different bacterial populations play different roles in different parts of the water column from the surface to the suboxic/anoxic interface zone.
In the present study we simply consider just a single aggregated heterotrophic bacterial group for which the source-sink terms are expressed by The early spring phytoplankton bloom is followed first by a mesozooplankton bloom of comparable intensity, which reduces the phytoplankton stock to a relatively low level and then by an A urelia bloom that similarly grazes down the mesozooplankton. The phytoplankton recover and produce a weaker late spring bloom, which triggers a steady increase in Noctiluca biomass during the midsummer. As the Aurelia population decreases in August, the mesozooplankton first and phytoplankton and A urelia later give rise to successive blooms during September-October period. These blooms were followed by a secondary Noctiluca bloom in November.
Introduction of Mnemiopsis led to a new type of annual plankton distribution in the ecosystem. The phytoplankton structure was then characterized by three successive and intense bloom periods during winter, spring, and summer. The winter bloom is, in fact, a modified version of the late winter event of the pre-Mnemiopsis era. The other two blooms may also be interpreted as the modified forms of late spring to early summer and autumn events reported for the pre-Mnemiopsis case, as intensified and shifted ahead by months.
The winter phytoplankton bloom is a consequence of the particular form of grazing pressure exerted by Mnemiopsis, which almost completely depletes the microzooplankton, mesozooplankton, and Noctiluca stocks toward the end of autumn season. The lack of grazing on the phytoplankton community then promotes ear-
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where dissolved and particulate organic nitrogen constitute the only food sources. We therefore ignore ammonium uptake by bacterioplankton and assume that their nitrogen requirements are met by organic matter uptake [Walsh and Dieterie, 1994; Baretta-Bekker et al., 1995] . Moreover, the stoichiometry of DON versus NH4 uptake cannot be adequately formulated in a nitrogenonly model [Ducklow, 1994] . In ( oxidation reactions of the nitrification process in oxygenated waters. The last two terms define the denitrification process under oxygen deficient conditions. The third term models nitrate to nitrite reduction, and the fourth term represents nitrite reduction to nitrogen gas. The nitrate equation (A6) consists of a source term due to nitrification (the first term) and loss terms associated with nitrate reduction (the second term) and uptake by phytoplankton (the third term).
